Large-eddy simulations (LESs) were performed for neutrally-stratified turbulent flows within and above a homogeneous plant canopy. 100 realizations of a three-dimensional turbulence field obtained from each of four LES runs, which di¤er in the driving force of the flow and the size of computational domain, were used in the present study. A conditional sampling technique was used to construct ensemble-averaged images of coherent eddies that induce predominant perturbations in the streamwise and vertical velocities near the canopy top. To reduce subjectivity, wavelet analysis was adopted for triggering the conditional sampling. Synthesis of the present study and numerous previous studies indicated that, in the canopy turbulence, the spatial scale of eddies that induce predominant perturbations in the streamwise velocity is generally three times larger than that of eddies that induce predominant perturbations in the vertical velocity, irrespective of whether concerning field observations, windtunnel experiments or numerical simulations. Therefore, scales of both eddies are mostly determined by a mechanism inherent in the roughness sublayer. An analysis of the ensemble-averaged results and each realization revealed several findings: (1) the smaller eddies that cause predominant perturbations in the vertical velocity are vortices that accord with the so-called mixing-layer (ML) analogy, which is widely accepted as a mechanism of coherent eddies developing near the canopy top; however, (2) the larger eddies inducing predominant perturbations in the streamwise velocity are not vortices and are much larger than expected from the ML analogy; (3) these eddies are streamwise-elongated motions of high-speed downdraft and low-speed updraft, having characteristic features such that the high-speed downdraft penetrates into the canopy and cross-streamwise spreads inside the canopy thus inducing low-speed updraft to the sides of the downdraft and that the low-speed updraft produces a lifted (higher than the canopy top) shear zone beneath an overriding high-speed motion thereby enhancing the shear instability in that area; (4) the high-speed and low-speed motions aligning side-by-side bear a close resemblance to streaky patterns observed in a near-surface region of planetary boundary layers, although the spatial scales are quite di¤erent.
Introduction
Vegetation (forests, grasslands, croplands, etc.) covers more than 75% of the Earth's land surface (e.g., Hansen et al. 2000) and controls the exchange of momentum, heat, water vapor, carbon dioxide and other quantities between land and the atmosphere. These quantities are transferred to/from vegetation canopies by turbulent eddies generated in the roughness sublayer, which extends from the canopy top to about three times the canopy height (e.g., Harman and Finnigan 2007 and references therein) . The most important feature of turbulence in the roughness sublayer or in the canopy layer (hereafter ''canopy turbulence'') is the major contribution of large-scale coherent eddies to the exchange or the turbulent kinetic energy (TKE) itself (e.g., Bergströ m and Hö gströ m 1989; Gao et al. 1989; Finnigan and Shaw 2000) .
The existence of coherent eddies in the canopy turbulence has been noted since Inoue (1955a, b; 1956; 1957; 1958) conducted a series of studies on ''Honami'' (waving plants) more than five decades ago (Raupach et al. 1996) . At that time, he had already postulated that Honami is a signature of passage of the ''coupling turbulon'' (eddies coupled to the mean wind shear according to his definition) over crop surfaces and that the predominant eddy is fed energy from the shearing mean wind field and simultaneously provides the same amount of energy to smaller eddies that comprise the wellknown À5/3 power law of the turbulence spectra. Although the word ''turbulon'' is not used these days, attention should be paid to the insightful discussion put forward by Inoue. Since the work by Inoue, numerous studies have been conducted to elucidate the structure of the coherent eddies, their implications and mechanism (for a review, see Finnigan 2000) .
Currently, the most widely accepted idea for the mechanism of the coherent eddies is the mixinglayer analogy proposed by Raupach et al. (1996) . The mixing layer is a turbulent layer that develops at the boundary between two co-flowing laminar streams with di¤erent velocities. The inflected velocity profile across the boundary gives rise to the Kelvin-Helmholtz instability (or inflection instability) and further development of turbulence. Noting the similarity of turbulence statistics between pure mixing layers and the canopy turbulence, Raupach et al. applied the notion of the mixing layer to canopy flows that consist of higher velocities above the canopy and lower velocities inside the canopy. Among various aspects of this analogy, the most remarkable success is that this analogy properly predicts the streamwise spacing between coherent eddies; such that the mixing-layer relationship L x @ mU h =ðdU=dzÞ h applies to many di¤erent canopy flows, where L x is the streamwise spacing between coherent eddies, m is a constant (¼ 7-10) , U is the mean velocity, z is the height from the ground and the subscript h denotes a value measured at the canopy top. The coherent eddies, in their study, were identified in terms of perturbations in the vertical velocity and not those in the streamwise velocity. After their study, many studies supported the mixing-layer analogy through field observations (e.g., Katul et al. 1998; Brunet and Irvine 2000) , wind tunnel studies (e.g., Marshall et al. 2002) and flume studies (e.g., Poggi et al. 2004) .
However, the spatial scale of predominant eddies that induce energetic variations in the streamwise velocity near the canopy top has been found to be larger than that predicted by the mixing-layer analogy even when very large ''inactive eddies'' (which do not contribute to the momentum transfer near the surface and scales with the boundary layer height) were absent (Brunet and Irvine 2000 from a field observation; Shaw et al. 1995 from a wind tunnel study; Su et al. 2000 from a numerical simulation). This indicates there is a common mechanism working in roughness sublayers that generates eddies larger than those which induce dominant perturbations in the vertical velocity, which are associated with the mixing-layer developing near the canopy top. Through an analysis of the conditional sampling of eddies causing scalar microfronts using large-eddy simulation (LES), Watanabe (2004) revealed that spatial perturbations in the streamwise velocity near the canopy top have streamwiseelongated (streaky) patterns, in which elongated perturbations of high-speed and low-speed velocities alternate in the streamwise and crossstreamwise directions, and that the mixing-layer vortices are more often produced in regions of high-speed perturbations than in the low-speed counterparts.
LES was first applied to the canopy turbulence by Shaw and Schumann (1992) and Kanda and Hino (1994) and then by many authors (Dwyer et al. 1997; Shen and Leclerc 1997; Su et al. 1998 Su et al. , 2000 Patton et al. 1998; Fitzmaurice et al. 2004; Watanabe 2004; Yue et al. 2007 ). All these studies showed the LES technique is an e¤ective tool for investigating the statistics, energetics and threedimensional structures of canopy turbulence. The technique enables us to precisely inspect a pure canopy turbulence without there being any influence from external factors such as very large eddies (inactive eddies) originating from higher levels in the boundary layer. This is what has been hardly achievable through field observations and wind tunnel experiments.
The objective of the present study is to distinguish three-dimensional structures of the eddies that induce energetic perturbations in the streamwise and vertical velocities near the canopy top and to infer the mechanism of the larger eddy responsible for the streamwise velocity perturbations using the LES technique.
Method

Model equations
The LES code used in the present study is the same one used by Watanabe (2004) . The model equations are the Navier-Stokes equation simplified by the Boussinesq approximation, the equation of continuity, and a conservation equation for a passive scalar. The buoyancy term and the Coriolis term are neglected in simulating neutrally stratified flows in the near-surface layer, and the e¤ects of plant canopy are described as a leaf area density multiplied by an isotropic drag coe‰cient or an isotopic exchange coe‰cient of a scalar. All variables appearing in these equations are filtered to obtain the resolved scale components (RS components), which can be fully represented by the given grid systems. The e¤ects of eliminated subgrid-scale perturbations (SGS components) on RS components are parameterized using RS components and the SGS turbulent kinetic energy (SGS-TKE) calculated by a separate prognostic equation. These equations are written as
where the angle brackets denote a filtered variable and u i is velocity in the direction of x i . I followed the meteorological conventions for the notation of velocities and coordinates in the atmospheric boundary layer such that u ¼ u 1 ðx ¼ x 1 Þ is the streamwise horizontal velocity (coordinate), v ¼ u 2 ðy ¼ x 2 Þ is cross-streamwise horizontal velocity (coordinate) and w ¼ u 3 ðz ¼ x 3 Þ is the vertical velocity (coordinate). Other symbols appearing in the above equations are p for the kinematic pressure (pressure/density), F i for an external forcing (see below), w for the mixing ratio of a passive scalar, e for the SGS-TKE, t ij and t w j for SGS fluxes of momentum and a scalar, respectively, c d and c w for the drag coe‰cient and a scalar exchange coe‰cient of a leaf, respectively, a for the leaf area density, V for the instantaneous local wind speed, defined as
, w c for the scalar mixing ratio at a leaf surface, K m for the SGS di¤u-sivity of momentum, c e for a constant associated with the viscous dissipation of SGS-TKE, and L SGS for a representative length scale of SGS components.
The SGS fluxes included in Eqs. (1), (3) and (4) are defined and parameterized as
where K w is the SGS di¤usivity for a scalar w, d ij is the Kronecker delta, c k is a model constant and S c is the SGS Schmidt number. Based on a comprehensive discussion in a previous study (Watanabe 2004) , the model constants were specified as c e ¼ 0:93, c k ¼ 0:07 and S c ¼ 1=3.
Numerical simulations
Four LES runs were performed with di¤erent domain sizes and driving forces of flows. Runs I and II were pressure-driven flows in tall and long domains, respectively, and Runs III and IV were shear-driven flows in tall and long domains, respectively. To minimize limitation due to the size of the computational domain, the present domains were horizontally wider than that used by Watanabe (2004) . Table 1 summarizes dimensions of the domain (grid numbers N x , N y , N z ) and flow characteristics. For the pressure-driven flows, the external streamwise pressure gradient was set as a constant both in time and space (i.e., F i ¼ d i1 F 1 with F 1 being constant) and the top boundary condition was free slip, whereas a no-slip rigid top boundary was moved constantly in the streamwise direction with no external forcing for the shear-driven flows. In all simulations, the vertical velocity was zero at the top and bottom boundaries. For the scalar, the mixing ratio was kept constant at w ¼ w top at the top boundary and at w ¼ w c at the surfaces of leaves and the ground. The SGS shear stress and the SGS scalar flux at the bottom boundary were calculated using the relationship between fluxes and the logarithmic profiles with prescribed roughness lengths for momentum and the scalar. The horizontal boundaries were periodic. Leaf area density was distributed homogeneously beneath the height of canopy (h) with a given leaf area index of 2 (¼ ah). Time advancement was made using the third-order Runge-Kutta method (Williamson 1980) , while a spectral method and a compact scheme (Lele 1992) were used to approximate horizontal and vertical di¤erentiations, respectively. Because Fourier modes of the top one third of admissible wave numbers were eliminated at every time step (Orszag 1971) , the e¤ective length scale of SGS components was defined as
where Dx, Dy and Dz are grid spacings (which were all set as 0.1h) in streamwise, cross-streamwise and vertical directions, respectively. Simulations were started from a laminar initial condition with small random perturbations, and the data for analysis were collected after turbulence statistics reached a stationary state. For more details of the numerical configurations, the reader is referred to Watanabe (2004) . From all runs, 100 samples were collected for velocities, pressure and the scalar mixing ratio at all grid points of the computational domain. The sampling intervals and total sampling periods are listed in Table 1 .
Conditional sampling
From the 100 realizations sampled from LES outputs, ensemble-averaged images were constructed of eddy structures that caused the most energetic sharp variations in streamwise and vertical velocities near the canopy top, using a conditional sampling technique. Wavelet analysis was used for the conditional sampling to reduce subjectivity as much as possible.
Wavelet analysis
Streamwise spatial wavelet analysis was conducted for streamwise and vertical velocities at levels near the top of the canopy ðz w ¼ 1:05h for u and z w ¼ h for w). The wavelet transform of a streamwise variation in velocities is given as
where W i is the wavelet transform of u i , g is a wavelet function, a w is the dilation parameter that determines the spatial scale and amplitude of the wavelet, b w is the translation parameter that sets the center of the wavelet and L x is the streamwise length of the computational domain. The wavelet variance ðV i Þ is then defined as
where L y is the cross-streamwise length of the computational domain, N s is the number of samples (¼ 100), t k is the time at which the k-th data were sampled, and s i is the standard deviation of u i about instantaneous streamwise line-averages. Normalization using s i was introduced to eliminate the e¤ect of fluctuations in the velocity variance along the cross-streamwise direction and among di¤erent realizations (samples). Similarly, the third-moment of the wavelet transform ðT i Þ can be defined as The reader should note that T i is di¤erent from the wavelet skewness used by Katul and Parlange (1994) . A Haar function was adopted as the wavelet function for the sake of detecting sharp variations in the streamwise direction. The Haar function is given by gðxÞ ¼ þ1; À0:5 a x < 0; À1; 0 a x < 0:5; 0; otherwise.
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As discussed by Collineau and Brunet (1993) , the area beneath the wavelet variance scalogram is proportional to the relative distribution of the energy of input signals in semi-logarithmic coordinates ðlogða w Þ; W i ða w ÞÞ when the wavelet transform takes the form of Eq. (10); i.e., the integral is divided by a w instead of a 1=2 w . Thus, the value of a w at which the wavelet scalogram peaks represents the spatial scale of the most energetic velocity perturbations. Because the adopted wavelet function is completely asymmetric with respect to x ¼ 0, the thirdmoment given by Eq. (12) indicates the preferred direction of change ( jump or drop) of velocities along the streamwise coordinate for a given value of a w . Therefore the signals corresponding to the peak a w and having the same sign as the thirdmoment can be regarded as one of the signatures of predominant eddies in the simulated turbulence.
Eddy detection and conditional sampling
Positions of predominant eddy structure emerging in the x-y horizontal plane near the canopy top ðz ¼ z w Þ were detected for all samples according to the following procedure. First, the streamwise wavelet transform with a peak a w was calculated for all streamwise lines at z ¼ z w . The number of lines equals the cross-streamwise grid number ðN y Þ. Second, grid points at which the magnitudes of the wavelet transform exceeded a given threshold and had signs that were the same as that of the third-moment were selected from each line. The threshold was set as the streamwise standard deviation of velocities ðs i Þ as shown later. Third, the wavelet transform values at the selected grid points were contoured on the x-y plane at z ¼ z w . This produced horizontally discrete patches of significant signals. Finally, a local maximum (not minimum; see below) in each patch was selected as the center of each eddy structure. This final step was necessary to avoid redundant samplings for a single eddy structure.
The above procedure was carried out for streamwise and vertical velocities separately, using the peak values of a w for u and w, respectively. For every detection point in a sample, the horizontal coordinates were aligned to be centered on that point and the three-dimensional data of velocities, pressure and the scalar in the aligned coordinate system were superimposed. By averaging these data from all samples, the spatial distributions of ensemble means were obtained for velocities, pressure and the scalar that constitute the three-dimensional structure of predominant eddies that induce sharp changes in the streamwise velocity or vertical velocity.
Results
In what follows, results are shown normalized using h and U h for length, velocities and the kinematic pressure, while the scalar is normalized as ðw 00 À w c Þ=ðw h À w c Þ, where U h and w h are the mean wind speed and the mean scalar mixing ratio at z ¼ h, respectively. These mean values were calculated by taking averages of mean values in the x-y horizontal plane at z ¼ h obtained from all 100 samples. The double prime ð 00 Þ denotes perturbations about the horizontal mean at each height.
Wavelet scalogram
The wavelet variance scalogram peaks at around a w ¼ 6h and a w ¼ 2h for streamwise and vertical velocities, respectively (Fig. 1 ). For the streamwise velocity, the peak a w is slightly larger ð¼ 6:6hÞ for shear-driven flows than for pressure-driven flows ð¼ 6hÞ, whereas such di¤erence is not seen for the vertical velocity. The domain size did not influence the position of the scalogram peak although the streamwise longer domain used for Runs II and IV permitted a greater energy distribution for largerscale perturbations of the streamwise velocity than did the tall but streamwise-short domain for Runs I and III. Again, such di¤erences are less discernible for the vertical velocity.
The third moment of the wavelet transform is positive for almost all ranges of a w for both streamwise and vertical velocities (Fig. 2) . This means that sharp changes in the streamwise velocity are more often produced by the combination of a downstream low-speed region followed by an upstream high-speed region than by the reversed combination. The same figure also indicates that sharpchanges in the vertical velocity are preferentially induced by combinations of a downstream downdraft and an upstream updraft.
Threshold for detection
There are no objective methods for determining the threshold in detecting predominant eddy structures. The conditionally sampled and ensembleaveraged eddy structure may depend on the threshold value. However, the final step of the conditional sampling procedure in the present study (see Section 2.3.2) allows only the most significant signals to be selected and thereby reduces the dependency on the threshold value. Thus the streamwise standard deviation of velocities was used as the threshold as an intuitive but reasonable choice. Because the third moment of the wavelet transform was positive for both streamwise and vertical velocities (Fig. 2) , the grid points at which the condition W i > þs i was satisfied were chosen as candidates of the position of significant eddy structure. An example is illustrated in Fig. 3 , which shows horizontal distributions at z ¼ 1:05h of the streamwise velocity perturbations by shading and regions of W 1 > þs 1 by white patches. The flow direction is from left to right in the figure. Correspondence can be seen between white patches and the boundary between downstream dark (low-speed) regions and upstream bright (high-speed) regions. From each of the 52 patches appearing for this sample, positions of local maxima of W 1 were detected by sorting values of W 1 in a patch. Similar procedures were repeated for all 100 samples and for both streamwise and vertical velocities. As additional information, it is worth noting that streamwiseelongated streaked patterns appearing in this figure closely resemble the flow patterns obtained by LES of the atmospheric turbulence over urban canopies (Kanda et al. 2004; Kanda 2006) . The streaked patterns are also similar to what has been observed in a near-surface region of planetary boundary layers using Doppler lidars (e.g., Drobinski et al. 2004; Fujiyoshi et al. 2006; Newsom et al. 2008) or LES (e.g., Deardor¤ 1972; Drobinski et al. 2007; Lin et al. 1996; Moeng and Sullivan 1994) although the spatial scales are quite di¤erent.
Ensemble-averaged structure
In this sub-section, the resulting ensembleaveraged structures are presented as contour maps and/or vector maps of perturbations from the horizontal mean of ensemble-averaged variables at each height. A shaded area in each contour map indicates negative perturbation, while a non-shaded area represents positive perturbation. Contour intervals are shown by labeling the zero-contours and the first positive and the first negative contours. In the first three discussions below, results from Run I are presented to display characteristics of the ensemble eddy; then comparisons among di¤er-ent runs are presented in the last discussion.
3.3.1 Eddy structure causing sharp change in the streamwise velocity Figure 4 shows the streamwise-vertical section of the ensemble-averaged structure of eddies that caused the most energetic streamwise sharp changes in the streamwise velocity. The point ðx=h; z=hÞ ¼ ð0; 1:05Þ represents the position detected with the aforementioned conditional sampling procedure. The detection position locates at the boundary between a downstream low-speed region and an upstream high-speed region, both of which are streamwise elongated (Fig. 4a) . The high-speed region overlies the low-speed region downstream of the detection position. Near the top of the canopy, a downdraft and an updraft are collocated with the high-speed and low-speed regions, respectively (Fig .   Fig. 3 . Snapshot of horizontal distributions of u 00 =U h at z ¼ 1:05h shown by shade contours and regions of W 1 > þs 1 indicated by white patches, obtained from Run I.
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T. WATANABE4b). However, the vertical velocity field is more vertically coherent than is the streamwise velocity that has a streamwise tilted structure. A verticallycoherent positive perturbation of pressure appears exactly centered at the detection position (Fig. 4c) , indicating the occurrence of flow stagnation around the position. Near the canopy top, negative pressure perturbations exist on both sides of a positive pressure perturbation, with that on the upstream side having stronger intensity than the slightly uplifted minimum on the downstream side. Horizontal slices near the canopy top (z ¼ 1:05h for u, v, p and z ¼ h for w) of the same structure are shown in Fig. 5 . The coordinate origin ðx=h; y=hÞ ¼ ð0; 0Þ indicates the detection position. These panels clearly document that a streamwise-elongated high-speed region collides with another elongated region of low-speed streamwise velocity (Fig. 5a ), thereby inducing a high-pressure zone (Fig. 5d) and a cross-streamwise divergent flow (Fig. 5b) around the collision point (or the detection position). Again, the high-speed and low-speed regions are associated with downward and upward motions, respectively (Fig. 5c) . The vertical velocity field is also streamwise elongated though the axis lengths of significant contours are shorter than those for the streamwise velocity. The downstream low-speed and updraft region is associated with a crossstreamwise convergent flow (Fig. 5b) . Figure 6 shows two cross-streamwise sections of the same structure sliced at the positions of maximum and minimum streamwise velocity perturba- tions seen in Fig. 5 . At the maximum high-speed position, Fig. 6a reveals that a vertically coherent downward motion transfers high-speed momentum toward the canopy (the so-called ''sweep''), thereby producing a strong vertical shear of the streamwise velocity near the canopy top. The downward velocity is highest at a level slightly above the canopy (cf. Fig. 4b ) and is suppressed at lower levels inside the canopy, where the flow diverges in the crossstreamwise directions. Parts of the diverged flow return to above the canopy. This return flow carries low-speed momentum upward; and correspondingly, minima of the streamwise velocity are seen above the canopy on the both sides of the vertically coherent high-speed region. On the contrary, such vertical coherency is not the case at the position of the slowest streamwise velocity perturbation (Fig.  6b) . A compact and circular low-speed region is enclosed by a broad high-speed region. At levels below the canopy top, cross-streamwise convergent flow is observed (cf. Fig. 5b ). This flow transfers momentum from the enclosing high-speed region to the inner low-speed region, resulting in the lower half of the circular gradient of the streamwise velocity. Another result of the flow convergence is the formation of updraft. The updraft, which conveys the low-speed momentum (the so-called ''ejection''), produces a lifted shear zone beneath the overlying high-speed fluid, which is responsible for the upper half of the circular gradient. The cross- streamwise divergent flow appearing in the highspeed region near the shoulder of the inner lowspeed region is stronger than the cross-streamwise convergent flow seen inside the canopy.
3.3.2 Eddy structure causing sharp change in the vertical velocity Comparing with the above illustrations, the ensemble-averaged structure of eddies causing sharp changes in the vertical velocity has a shorter streamwise length scale (Fig. 7) . The streamwise order of positive and negative perturbations is reversed. The detection position ðx=h; z=hÞ ¼ ð0; 1Þ is at the boundary between a downstream high-speed downdraft and an upstream low-speed updraft. The streamwise distance between the maximum and minimum of vertical velocity perturbations is nearly equal to the canopy height. Under the detection position, an upstream flow (a negative perturbation of the streamwise velocity) is observed near the ground. This clockwise rotating flow pattern of canopy-scale and the existence of an intense lowpressure core in the middle (Fig. 7c) co-indicate that this structure is an averaged image of vortices developed near the canopy top. It should be also noted that the high-speed region has larger spatial scale than the low-speed region has and a streamwise tilted pattern that resembles that of the highspeed region in Fig. 4a .
Horizontal slices of the same structure (Fig. 8 ) also show the structure's spatial compactness. In all panels in Fig. 8 , signals are stronger on the downstream side than on the upstream side. A butterfly-like pattern appearing in the crossstreamwise velocity (Fig. 8b) is coincident with the flow stagnation on the downstream side due to the high-speed downdraft approaching the canopy and the underlying ground (a lateral flow pattern weaker, but similar to the one shown in Fig. 6a was obtained at x=h ¼ 0:45; not shown) and the convergent flow toward the low-pressure core at the detection position. 
Scalar field
Contour maps of perturbation in the ensembleaveraged scalar distribution are shown in Fig. 9 . The di¤erence between the scalar patterns associated with the two types of eddies is quite clear. The eddy causing sharp changes in the streamwise velocity produces an intense streamwise gradient (the so-called ''microfront'') between large-scale positive and negative perturbations of the scalar (Fig. 9a) , whereas the eddy inducing vertical velocity perturbations causes smaller and streamwise tilted patterns of the scalar perturbation (Fig. 9b) .
Dependency on flow type and domain size
Horizontal patterns of the ensemble eddy that induces sharp changes in the streamwise velocity are essentially similar for all runs (Fig. 10) . Although some di¤erences are noticeable for the streamwise length of contours, the cross-streamwise width of significant signals is almost irrespective of the flow type and domain size.
Di¤erences among runs appear more clearly in the vertical-streamwise section of the same ensemble eddy (Fig. 11) . Comparing with pressure-driven flows, shear-driven flows involve streamwise longer and vertically taller structures especially in the high-speed region (compare panels a and c or b and d). For a given flow type, a vertically shallower domain favors a larger structure with a high-speed region overriding a low-speed region to a greater extent than what is observed for a taller domain (compare panels a and b or c and d). However, the streamwise distance between maxima and minima of perturbations is invariant for the same flow type. These observations are consistent with the wavelet scalograms of the streamwise velocity obtained for di¤erent runs (Fig. 1a) . While noting the above di¤erences concerning the outer edge of a structure, one can identify an essential similarity in the significant parts of positive and negative perturbations (e.g., see the bold contours of u 00 =U h ¼
G0:5).
Although figures are not shown, the ensemble eddy that causes sharp changes in the vertical velocity was less dependent on the flow type and the domain size. This is again consistent with the wavelet scalograms of the vertical velocity, which were almost invariant among all runs (Fig. 1b) .
Discussion
The wavelet scalogram (Fig. 1) indicated that the spatial scale of the most energetic perturbations in the streamwise velocity was approximately three times that for the vertical velocity in the simulated turbulence. This relationship is quite consistent with what we learned from field and wind tunnel studies, which reported that the integral length scales calculated from single-point turbulence measurements near the tops of plant canopies for the streamwise velocity were generally three times those for the vertical velocity (Raupach et al. 1996) . Kaimal and Finnigan (1994) reviewed velocity spectra measured just above plant canopies and found that the frequencies at which spectra of the vertical velocity peaked were generally three times those at which the spectra of the streamwise velocity peaked. Thus, this ratio between the spatial scales (or the fact that predominant perturbations in the streamwise velocity are induced by larger eddies than are the vertical velocity perturbations) is a common feature of turbulence near the tops of plant canopies irrespective of canopy morphology and indoor or outdoor conditions. As discussed by Watanabe (2004) , who conducted simulations similar to the present ones, the eddy causing the most energetic perturbations in the vertical velocity at the canopy top accords with the mixing-layer analogy of Raupach et al. (1996) . The ensemble-averaged images (Figs. 7 and 8) revealed this eddy has a vortical structure of canopy scale. Because the spatial scale and patterns of this structure were similar among all runs, which differed in the flow type and the size of the computational domain, the development of this vortical structure must be a local phenomenon. The downstream tilted patterns seen in the scalar map (Fig.  9b) were presumably produced by the ensemble averaging of the Kelvin-Helmholtz patterns developing in a local mixing layer between a high-speed fluid above the canopy and a low-speed fluid inside the canopy (cf. Fig. 17 of Watanabe 2004) . In this respect, the present results are consistent with the results of many other studies supporting the mixing-layer analogy.
An issue remaining unresolved is the mechanism of the larger-scale eddy that induces the most energetic perturbations in the streamwise velocity near the canopy top. The ensemble-averaged images of this eddy (Figs. 4 and 5 ) exhibited a streamwiseelongated structure with a cross-streamwise width of about 2h at the canopy top. Streamwise and vertical scales of this structure were much larger than the canopy-scale vortices described above. Because the spatial extent of the outer edge of the structure depended on the flow type and domain size (Fig.  11) , formation of this structure in the actual field may be influenced by external phenomena such as a high-speed large-scale eddy originated from higher levels in the boundary layer impinging on the roughness sublayer. The shear-driven simulations (Runs III and IV) may depict such situations qualitatively. However, the most significant part of the vertical structure (Fig. 11) and the crossstreamwise width of the entire structure (Fig. 10 were more or less invariant among all runs. This confirms that a mechanism inherent in the roughness sublayer must be involved in the structure's development. The existence of an inherent mechanism is also supported by the aforementioned constancy in the ratio between the predominant spatial scales of the streamwise and vertical motion among numerical simulations, field measurements and wind tunnel experiments. No such constancy might be observed if external factors completely dominate.
The cross-streamwise sections of the ensembleaveraged structure of this eddy (Fig. 6 ) exhibited symmetric and circular flow patterns that appear to represent counter-rotating vortex pairs. In particular, the flow pattern on the sweep side (Fig. 6a) is remarkably similar to the ''characteristic eddy'' described by Finnigan and Shaw (2000) , who extracted it from a velocity field of canopy turbulence generated in a wind tunnel, using empirical orthogonal function analysis. They speculated that this flow pattern actually represents streamwise vortices that are developed from the mixing layer instability at the canopy top. However, the flow patterns shown in Fig. 6 are not accompanied by lowpressure cores (figure not shown) that should be found in the center of vortices. Moreover, the spatial scale of the circular flow pattern is substantially larger than that expected from the mixing layer instability at the canopy top as we have seen above. If this structure is to be generated from the canopytop instability, the turbulent kinetic energy must be transported from a small scale to a large scale; that is, in the direction opposite to the ordinary energy cascade in fully developed three-dimensional turbulence (Tennekes and Lumley 1972; Pope 2000) . Thus, it is not likely that eddies causing sharp changes in the streamwise velocity are streamwise vortices that developed from the canopy-top instability.
From a di¤erent point of view, the flow pattern on the sweep side (Fig. 6a) can be seen as a coherent downdraft penetrating into the canopy and diverging sideways inside the canopy because of the presence of solid ground. For the ejection side (Fig.  6b) , an updraft in the low-speed region is triggered by a convergence of cross-stream flows from the enclosing high-speed regions. The flow divergence seen above the canopy, which is stronger than the flow convergence inside the canopy, indicates the occurrence of streamwise convergence at higher lev- els as also can be deduced from the downstream tilted boundary between the high-speed and lowspeed regions in Fig. 4a . The cross-streamwise flow spreading away from the streamwise convergence point may converge again when this flow encounters another cross-stream flow originating from another streamwise convergence. If this happens, vertical motions and/or streamwise divergence are generated to satisfy the constraint of flow continuity. Under the influence of the vertical shear of the mean wind speed, upward motions transfer relatively low-speed momentum upward and downward motions tend to carry high-speed momentum down to the canopy. Some of the downward motions gain enough energy from the vertical wind shear and the streamwise divergence (if they are on the acceleration side of the divergence) to produce strong sweep motions, an ensemble image of which is shown in Fig 6a. Through these processes, the kinetic energy is transferred from the mean wind shear to large-scale turbulent motions, and this is followed by ordinary energy cascading in the roughness sublayer. This description agrees with the streamwise-elongated high-speed and low-speed regions aligning side-by-side, both in a single realization (Fig. 3) , and in the ensemble-averaged results ( Figs. 5a and 10 ). In addition, the impingement of a large-scale sweep motion on the canopy top produces a strong vertical shear near the canopy top (Figs. 4a and 6a) , thereby enhancing the canopy-top instability that may cause the mixinglayer vortices. Watanabe (2004) demonstrated that canopy-scale vortices are quite often observed after the passage of the scalar microfront. This statement is supported by the consistency between the scalar microfront and the leading head of a large-scale sweep motion (Fig. 9a) . These facts and the similarity in the shape of high-speed region between Figs. 4a and 7a indicate that the smaller eddy extracted using w-perturbations often develops in the highspeed region of the larger eddy extracted using uperturbations.
Another important feature to note on the ejection side of the structure (Figs. 4a and 6b) is the existence of a lifted shear zone between the overriding high-speed region and the upwelling low-speed region underneath. Unlike the shear zone constantly maintained across the canopy top by the drag force against the flow inside the canopy, this lifted shear zone only temporally appears when a high-speed eddy overtakes a low-speed eddy. However, because of its intensity, this shear zone provides a favorable condition for the inflection instability to develop. The resulting vortices rolled up from the lifted instability may have a larger spatial scale than do those from the canopy-top instability (Fig.  7) because the solid ground limits the development of the latter vortices. In fact, single large-scale lowpressure cores or packets of low-pressures aligned along the lifted shear zone were visually observed in animated results. Similar spatial patterns were also observed in the result of LES for urban canopies (Kanda 2006) . These vortices may play some role in the determination of the predominant streamwise scale of variations in the streamwise velocity at the canopy top, although this is still a matter of speculation and may be the next step of investigation.
Conclusions
In turbulent flows near the top of a plant canopy, the spatial scale of eddies that induce predominant perturbations in the streamwise velocity is approximately three times larger than that of eddies that induce predominant perturbations in the vertical velocity, irrespective of whether by field observations, wind-tunnel experiments or numerical simulations. Therefore, scales of both eddies are determined inherently in the roughness sublayer and are not severely a¤ected by external phenomena such as very large eddies scaling with the boundary layer height. The smaller eddies that cause predominant perturbations in the vertical velocity are vortices developed from the canopy-top instability. The source of this instability is the vertical wind shear (or inflected wind profile) across the canopy top, maintained constantly by the drag force against flows inside the canopy due to plant elements. To these eddies, the mixing-layer analogy proposed by Raupach et al. (1996) applies. On the other hand, the larger eddies inducing predominant perturbations in the streamwise velocity are not vortices and are much larger than those expected from the mixing-layer analogy applied to the wind profile across the canopy top. These eddies are streamwise-elongated motions of high-speed downdraft and low-speed updraft. The high-speed downdraft penetrates into the canopy and cross-streamwise spreads inside the canopy inducing low-speed updraft around the sides of the downdraft. The lowspeed updraft produces a lifted shear zone beneath an overriding high-speed motion, thereby enhancing the shear instability in this area. The high-speed and low-speed motions aligning side-by-side bear a close resemblance to streaky patterns observed in a near surface region of planetary boundary layers. Similarity between these two flows of quite di¤erent spatial scales and an inspection of the present simulation results give rise to speculation that the strong vertical shear above the canopy and the existence of the solid ground underneath the canopy may play an important role in generating the larger streamwise-elongated eddies in the roughness sublayer. Further research on the energetics of these eddies may contribute to better understandings of the mechanism.
